This study was undertaken to investigate the biological effect of monoenergetic neutrons on human lymphocyte DNA and chromosomes. Monoenergetic neutrons of 2.3, 1.0, 0.79, 0.57, 0.37 and 0.186 MeV were generated, and 252 Cf neutrons and 60 Co g-rays were also used for comparison. Biological effect was evaluated two ways. The RBE values with the comet assay were estimated as 6.3 and 5.4 at 0.37 MeV and 0.57 MeV relative to that of 60 Co g -rays, and chromosome aberration rates were also observed in these different levels of monoenergetic neutrons. The yield of chromosome aberrations per unit dose was high at lower neutron energies with a gradual decline with 0.186 MeV neutron energy. The RBE was increased to 10.7 at 0.57 MeV from 3.9 at 252 Cf neutrons and reached 16.4 as the highest RBE at 0.37 MeV, but the value decreased to 11.2 at 0.186 MeV. The response patterns of initial DNA damage and chromosome exchange were quite similar to that of LET. These results show that the intensity of DNA damage and chromosomal exchange is LET dependent. RBE of low energy neutrons is higher than that of fission neutrons. Low energy neutrons containing Hiroshima atomic bomb radiation may have created a significantly higher incidence of biological effect in atomic bomb survivors.
INTRODUCTION
Study of the relative biological effectiveness (RBE) of neutrons at various energy levels is important for risk assessment for exposed nuclear plant workers and for the formulation of an appropriate protocol for neutron therapy. The variation of RBE at different neutron energy levels is also of interest in understanding the basic mechanisms of radiation biology. The most important goal of this study is related to atomic bomb radiation, especially to the neutron energy Downloaded from https://academic.oup.com/jrr/article-abstract/40/Suppl/S36/1022301 by guest on 13 February 2019 spectrum in the Hiroshima atomic bomb, which was published in Dosimetry System 1986 (DS86), and which showed that the radiation contained low-energy neutrons of less than 1.0 MeV 1) . The radiation effects of survivors, such as chromosomal aberration frequency and the complexity of chromosome aberrations, a higher incidence of leukemia and microcephalia, at given doses in Hiroshima were more severe than that of Nagasaki 2) . Therefore, neutron energy dependency of RBEs may be important in the analysis radiation risk based on Hiroshima and Nagasaki. If we speculate that the RBE of low energy neutrons is higher than that of fission neutrons, Hiroshima atomic bomb radiation would have created a significantly higher biological effect in Hiroshima atomic bomb survivors.
252
Cf neutron spectrum filtered by iron contained a wide range of neutron energies from 0.1 to 1 MeV, with a peak of 0.5 MeV (DS86), and it was difficult to determine which neutron energy spectrum had the largest contribution to biological effect 3) . High dose rates of monoenergetic neutron fields are useful for studying the neutron energy dependency of the biological effects, and also for other radiobiology studies on the basic mechanisms of the effects of neutrons. Monoenergetic neutrons which have a narrow neutron spectrum, would be the most useful neutrons to study to resolve this question. Therefore, this study was undertaken to investigate the biological effect of monoenergetic neutrons on human lymphocyte DNA and chromosomes.
MATERIALS AND METHODS

Radiation source
We constructed a neutron irradiating system, the Hiroshima University Radiobiological Research Accelerator (HIRRAC), which operates at high proton beam currents of 1mA, to study the radiobiological effects of neutrons. Neutron and gamma-ray kerma rates from HIRRAC are obtained using paired ionization chambers. The chambers are IC-17 (TE-TE chamber) and IC-17G (C-CO 2 chambar). Calibration procedures and other measurement procedures have already been described elsewhere 4) . HIRRAC consists of a Schenkel type 3 MV ion accelerator (HN-3000 BL) manufactured by Nisshin High Voltage Co. Ltd., and target assembly for neutron generation 5, 6) . For neutron irradiation, there are two beam lines, a horizontal beam line (H-Line) and a vertical one (V-Line) using Li target. The V-Line is settled in a 2-m-deep cylindrical well. Contamination of the g-rays was less than 3% in each neutron spectum when using 10 mm-thick 7 Li or 7 LiF targets. Maximum dose rate for the tissue equivalent materials is 40
cGy/min at a distance of 10 cm from the target. The neutron energy produced is assessed and evaluated using 3 He-gas proportional counter 4) . Neutrons in an energy range from 0.07 to 2.7
MeV are available for biological irradiation. Seven monoenergetic neutrons from 2.3 to 0.186 MeV emitted from HIRRAC were used for the present study. The lines and filter used and their dose rates are listed in Table 1 . This range of neutron energies approximates the energies produced by the atomic bomb used at Hiroshima.
252
Cf neutrons as fission neutrons were also used for comparison, and 60 Co g -rays were used as a reference dose to obtain RBE. The
Cf beam and irradiation system were described previously 4) . Neutron and g -ray doses were measured by the twin chamber method. The samples were irradiated by radiation filtered through 5 cm-thick Pb plate to exclude contamination of gamma rays in order to emit 2.3 MeV monoenergetic neutrons. For irradiation of 0.186 MeV neutrons, a sample was put in one 35 mm diameter dish with a 5 cm distance from the radiation source at room temperature. For all remaining neutron irradiations (1.0, 0.79, 0.57, 0.37 MeV), samples were put in eight 35 mm-diameter small dishes in the radiation field. Twenty ml of lymphocyte derived from 2 healthy adult men was used for all experiments for different radiation doses in the present study. Lymphocytes were separated using Ficoll and mixed with RPMI 1640 medium and 1 ml of each cell suspension containing 1 10 6 cells in 35 mm-diameter plastic dishes for irradiation using the V-line, and for irradiation using the H-line, glass flasks with a special coating without silica were used.
Comet assay
The biological effect of low-energy neutrons was assessed by 2 different end points. Comet assay was performed on each sample under the same conditions with alkaline pH 13 and 1h of cell lysis and electrophoresis at 300 mAmp for 20 min. The conditions are suitable for comparative study over a wide range of doses with different energy levels. Using this alkaline comet assay, both radiation-induced dsb and ssb can be detected. About 100 comet cells were counted in each sample. Human lymphocytes from whole blood irradiated at room temperature with each monoenergetic neutron beam were immediately used for comet assay after the irradiation procedure. The samples were mixed with 0.5 ml of 0.1% agarose (0.75%, 45°C). After having been kept at 0°C for 5 min, the cells were lysed in a solution of 2.5% SDS + 0.025M Na-EDTA + 1% N-lauroyl-sarcosine (Sigma, St. Louis, MO, USA), pH 9.5, for 15 min in agarose gel (Serva, Heidelberg, Germany). The electrophoresis was carried out in TBE-buffer (117 mM Tris, 91mM borate, 3 mM EDTA), 200 mA for 20 min and dried on a hot plate in air for 30 min at 40-45°C for storage. Before staining with propidium iodide, the gels had to be rehydrated in distilled water for 10 min. The fluorescent signal of the stained comet was detected and quantified with a fluorescence microscope with excitation at 530-560 nm, detection > 580 nm, coupled with an intensified target camera with a self-designated image analysis system (Olympus, Tokyo). Intensity of intial DNA damage was measured as the tail moment, which was calculated by multiplication of the tail length by the amount of DNA in the tail. The image of the comet was stored using CCD camera and analyzed using software in BAS 1500 (Fuji Co., Tokyo).
Chromosome aberrations
After exposure, the cell suspensions were washed 4 times by PBS and cultured for 50h in RPMI1640 medium containing 20% fetal calf serum and 0.2 mg/ml phytohemagglutinine (PHA). The cells were arrested with 0.02 mg/ml colcemid and fixed with Carnoir's solution. Unstable chromosome aberrations, such as dicentrics, rings and minute chromosomes, were scored. Acentric ring chromosomes with width smaller than that of chromatid in the same metaphase were classified as minute chromosomes. For each dose, 100-200 metaphases from one donor were scored. The cell cycle can also influence the yield of chromosome aberrations after irradiation exposure. In a separate experiment, we therefore analyzed the cell cycle after exposure using the Fluorescence plus Giemsa (FPG) method. After exposure to different radiation doses from different neutron energies, the cell suspensions were cultured for 50 h with PHA. Bromodeoxy uridine (BrdU) (5 mg/ml) was added for the last 24 h. Chromosome slides were stained with 33258 Hoechst and exposed to UV, and then stained with Giemsa. The populations of first and second mitotic cells were counted, and less than 5 percent of second mitotic cells were observed in all experiments. Therefore, the cell cycle in 50 h culture after irradiation did not influence the yield of chromosome aberrations.
RESULTS
Comet assay
We selected alkaline comet assay, the most sensitive technique, to evaluate DNA damage in individual cells. The results are expressed in terms of tail moment (tail length and % of DNA in tail). Fingerprints left in exposed cells by neutrons differing only by narrow energy ranges could be detected by comet assay. The biological effect of monoenergetic neutrons as measured by comet assay is shown in Fig. 1 . Data points shown are from a single experiment from one donor. Comet assay was performed under conditions suitable for detecting absorbed dose from 0.05 to 1.0Gy of each monoenergetic neutron. The comet cell in 60 Co g -irradiated cells had short tails. In contrast, the comet cells in 0.57 MeVand 0.79 MeV neutrons had much longer tails with tiny broken DNA migrating from bulk DNA. The RBE of monoenergetic neutrons based on initial DNA damage relative to 60 Co g -rays is shown in Fig. 2 . The linear portion of the dose response curve for each monoenergetic neutron energy from 0.05 to 1.0 Gy was used for calculation of RBE value. The dose response pattern decreased with higher LET at higher doses of 1.5 Gy and 2.0 Gy. This is probably owing to the formation of tiny bits of DNA quickly migrating away from the bulk of the DNA during electrophoresis. The RBEs observed by comet assay are relatively low. Distributions of the tail moment detected by comet assay were compared among different neutron spectra. Both of the 0.57 and 0.37 MeV neutrons had wider distribution in the tail moment than in other neutron spectra. 
Chromosome aberrations
Chromosome aberration rates were also observed at these different energeies of monoenergetic neutrons. Chromosome aberrations produced by monoenergetic neutrons are shown in Fig. 3 . Data points shown are from a single experiment from one donor. The second donor also showed similar results. In this analysis, only dicentric chromosomes were used for the exchange type of aberrations. The y-axis indicates the number of dicentric chromosomes per 2 ) was used. The yields of dicentric chromosomes per unit dose were higher at lower neutron energies (0.79 and 0.57 and 0.37 MeV) than at 2.3 MeV neutrons, and the yield was increased with decreasing neutron energy, but at the lowest neutron energy 0.186 MeV, the yield was decreased. RBE was calculated against 60 Co g -rays as reference radiation at the value of 0.5 dicentrics per cell. For dicentrics only, RBE values were 11.2, 16.4, 10.7, 7.1, 7.0 and 3.9 in 0.186, 0.37, 0.57, 0.79, 1.0 and 2.3 MeV neutrons, respectively. The RBE was increased to 10.7 at 0.57 MeV from 3.9 for 252 Cf neutrons and reached a peak RBE value of 16.4 at 0.37 MeV, but the value decreased to 11.2 at 0.186 MeV (Fig.  4) . The response patterns of initial DNA damage and chromosome exchange were quite similar. However, acentric rings showed no significant difference among monoenergetic neutrons, even though the highest RBE was obtained at 0.37 MeV neutrons.
The multiplicity of chromosome aberrations was also analyzed in each dose at each neutron energy level. Multiplicity was evaluated by scoring the number of dicentric chromosomes in a metaphase. The aberrations produced in 0.37 MeV and 0.57 MeV neutrons showed a higher percentage of multiple chromosome aberrations at higher doses of more than 1 Gy exposure, for which metaphases had 3 to 10 dicentrics. This pattern was different from that of the 2.3, 1.0 and 0.75 MeV neutron exposures. Figure 5 shows the intracellular distributions of dicentrics from 0.37 MeV neutrons. . In another report, the yield of chromosome aberrations per unit dose peaked at low-energy neutrons of 0.22, 0.34, and 0.43 MeV, with a gradual decline with increasing neutron energy 8) . However, their data had relatively large statistical fluctuations, so we decided to irradiate biological materials to obtain RBEs of low-energy neutrons. The RBEs of monoenergetic neutrons varied depending upon the end point and the biological system. Chromosome analysis showed higher RBE value than that of comet assay. The initial damage sensed in this assay may have escalated in other end point studies as in cellular response. Comet assay senses DNA damage only. The higher values found in other end point studies were possibly due to involvement of cellular components other than DNA as targets for neutrons. The biological effect becomes amplified after initial DNA damage due to cell proliferation after irradiation. Therefore, the RBE value increases in other end points as chromosome aberrations.
We are preparing to observe y D values as LET in different neutron energies using HIRRAC. y D value is used for estimating LET. Experimental and calculated values of y D of monoenergetic neutrons with different energies have been reported by several authors 9 -11) , in which y D value decreased at 0.1-0.3 MeV. This neutron energy-LET pattern was quite similar to the relationship between neutron energy and RBE, which was detected by both comet and chromosome aberrations in the present study. This indicates that the biological effect of low-energy neutrons depends on LET.
Neutron effects consist of 90-95% proton and 5-10% heavy ion. Since the RBEs of protons and heavy ions are between 2 and 3, the combined biological effect of both contributes at least 4-6 to the value and does not reach 7-10 or more than 10. In DNA damage, protons contribute mostly to energy transfer 12) . LET-energy distribution of protons indicate that the greatest biological effect is obtained at approximately 0.1 MeV. Therefore, a neutron energy spectrum with 0.3-0.4 MeV, which releases 0.1 MeV protons contributes to the highest biological effect 7) . At these energies, the recoil protons released in elastic scattering interactions of neutrons with hydrogen will travel relatively short distances at LETs approaching 100keV/mm 12) . The DNA damage clusters produced by such high density energy depositions will not be as easy to repair and may result in a higher probability of misrepair and damage fixation. The difficulty in rejoining breaks in damage clusters may contribute to the high biological effectiveness of high-LET radiation.
These results suggest that low-energy neutrons in the Hiroshima bomb must have made a significant contribution to the biological effect.
